Moisture content in concrete has a major influence on the concrete samples with spin-echo imaging methods (15, 16).
with fast repetition times. Our hydrated cement samples do not have this restriction because of their short T 1 . This fact, along with a high water content, makes the samples ideal candidates for SPI. A repetition rate consistent with the duty cycle and thermal protection of the gradient set is our principal rate limitation. We have chosen a conservative repetition time of 50 ms for these experiments.
We employed an Mn(II)-doped water phantom to validate the SPI sequence for application to hydrated cement pastes and concrete. Figure 2 shows a one-dimensional SPI image of a cylindrical Mn(II)-doped water phantom. The relaxation times of the doped water ( T * 2 Å 180 ms, T 1 Å 2.36 ms) resemble those of the hydrated cement. The profile definition is excellent with very good signal-to-noise. The signal-to-noise ratio of the SPI experiment. Fig. 2 , is much better than that of a spin-echo frequency-encoding experiment. This is generally true if the gradient-switching time is greater than the spin-spin relaxation time, as it is for these samples (9). We have recorded the SPI magnetization profile of cylineach excitation pulse is TR and the phase-encoding time is t p . We allow a drical hydrated cement samples as a function of drying time gradient-settling time of 1.2 ms in our application.
over a period of four weeks. Samples, open at one end, were placed in the magnet with the cylinder axis parallel to the z axis of the magnet. The phase-encoding time t p was 290 ms quence is shown in Fig. 1 . In the SPI sequence, a short, and phase encoding was achieved by incrementing the z intense and nonselective RF pulse is used to generate transgradient in 128 steps to a maximal value of 5.6 G/cm. For verse magnetization. Since the RF pulse is applied while the each of the 128 gradient amplitudes, 128 signal averages gradient is on, its duration must be short enough that the were acquired. The image was acquired in 13 min with a bandwidth of the pulse covers the range of frequencies introfield of view (FOV) of 9.2 cm and a resolution of 0.7 mm. duced by the gradient. The bandwidth of the RF pulse is approximated by the inverse of the pulse length. A single Fewer signal averages will yield equivalent profiles, in data point is sampled in quadrature a fixed time t p after the greatly reduced time, by convolution of the time-domain RF pulse. Turning the gradient on before the RF pulse allows data with a Gaussian line-broadening filter. for very short times between excitation and detection and
The RF pulses were of 4 ms duration, giving a 13Њ flip avoids eddy-current effects. The spatial dimension is phase angle (90Њ pulse duration Å 27 ms). Increasing the power encoded by the usual amplitude cycling of the gradient along delivered to the RF probe, in our case by upgrading to a the corresponding direction. Since no frequency encoding is higher-power AMT M3445 2 kW RF amplifier, will increase employed, the acquired image is free of distortions resulting the signal-to-noise ratio by increasing the pulse flip angle from magnetic field inhomogeneity, susceptibility variations, while maintaining the requisite pulse bandwidth. The phase and chemical shifts (9). Broad resonance lines will not di-encoding time, t p , in this experiment is longer than the optirectly affect resolution. The resolution will depend only on mum value of T * 2 /2 Å 85 ms, resulting in a 35% loss in the strength of the gradient used (9). sensitivity (9). Separate, bulk spectroscopic measurements of T * 2
The SPI sequence has been implemented on a Nalorac ( lineshape analysis ) , as a function of drying time, were 2.4 T, 32 cm horizontal bore, superconducting magnet with performed over a period of approximately one month. a water-cooled 20 cm self-shielded gradient set. The imaging
The water content decreased by approximately 35% from experiments were conducted at ambient temperature with a TecMag Libra S-16 console using a homebuilt bird-cage coil the initial value over this interval of time. The amplitude (length 7 cm, i.d. 6.4 cm). The RF amplifier is a 300 W of the observed line changed with time; however, the AMT M3205A. Gradients were driven by Techron 7780 linewidth was constant and the shape a pure Lorentzian in all cases. A T * 2 relaxation time which does not change amplifiers.
with significant drying is somewhat surprising but The SPI experiment takes longer to execute than a convengreatly simplifies interpretation of the SPI images. From tional spin-echo experiment, since at least one scan for each the literature, it is clear that there must exist at least one resolution element is required. In the SPI sequence, a lowother component to the 1 H signal, a short-T 2 component flip-angle pulse is usually employed for excitation, in part, to prevent partial saturation of longitudinal magnetization ( 14 ms ) associated with protons chemically bound to cal- cium in the cement paste ( 13 ) . This component of the A profile of the moisture content and its variation in time can be established in the hydrated-cement-paste system with signal, which has a T 1 of several hundred milliseconds, is lost in the deadtime of our RF probe. The T 1 relaxation good resolution and signal-to-noise as shown in Fig. 3 . The spatial variation of moisture content, as a function of drying time we have measured was single exponential and also did not vary as a function of drying time. Decreasing the time, obtained in this work is similar to that obtained by the traditional gravimetric method (12). The extremely coarse phase-encoding time t p to under 20 ms, with an appropriate Q-spoiled RF probe, may in the future permit di-spatial resolution of the gravimetric technique (2.5 cm) precludes direct comparison of the SPI results with previous rect observation of water chemically incorporated into the cement matrix.
experiments. The moisture content is, however, known to very rapidly decrease at the drying front even with one day Successive SPI profiles, Fig. 3 , have the same T * 2 weighting, and, if T * 2 is constant, the profiles are true of drying (17) . The one-day SPI profile, the first profile maps of relative proton density. A concentrated Mn ( II ) shown in Fig. 3 , is in accord with these results. Capillary solution, T * 2 roughly matching the hydrated cement flow is known to dominate depletion of water at early stages paste, was added to the cement sample as a calibration in the drying process (17) . Note the pronounced decrease standard. Individual profiles, acquired over a period of in water far from the drying face at early experimental times. weeks, must be scaled and normalized because of small At later times, diffusion becomes more important (17) and variations in probe tuning.
we observe in our experimental profiles a pronounced curvaThe sample in Fig. 3 was subject to accelerated drying, ture in the moisture content profile near the drying face. The 75ЊC, in an oven for two weeks following acquisition of transition between the two types of drying behavior is not the last profile in the figure. Drying continued until the well understood and its further investigation is one aim of measured mass of the sample decreased by less than 0.2% our studies. per day. Under these conditions, essentially all evapora-
Our results to date demonstrate that the SPI NMR imaging ble water has been removed ( 17 ) . The SPI profile of the method can be used in the nondestructive monitoring of heat-dried cement cylinder showed negligible intensity water migration in porous materials. Extension of the method when measured and displayed under conditions corre-to three spatial dimensions and to concrete specimens is in progress. sponding to Fig. 3 .
